Abstract This study investigated the differences and changes in the volatile profiles of buckwheat soksungjang (BS) inoculated with multiple microbial starters (Lactobacillus brevis ? Aspergillus oryzae, BS-LA vs. Lactobacillus brevis ? Bacillus amyloliquefaciens, BS-LB) during fermentation using SPME coupled with GC-MS and partial least square-discriminant analysis. BS samples fermented for 5 weeks could be differentiated from other BS samples with shorter fermentation periods, and the BS-LA and BS-LB samples fermented for 5 weeks were separated. Acids, benzenes, and esters were main volatile compounds in both BS samples, however, their differences and changes were varied. The increase of 3-methylbutanoic acid was bigger in BS-LB than BS-LA, while the contents of 2-and 3-methylbutanal were relatively higher in BS-LA than BS-LB. Furthermore, the contents of esters of BS-LA significantly increased during fermentation. These results indicate that the volatile profiles of BS samples depend on the fermentation periods and the combination of microbial starters.
Introduction
Fermented soybean products have been consumed in most parts of the world due to their characteristic flavors as well as nutritional and functional benefits (Choi et al., 2009; Kwak et al., 2007; Wang et al., 2008) . The formation of these flavors is generally determined by the predominant microorganisms present during fermentation. These microorganisms degrade macromolecules (e.g., proteins, carbohydrates, and lipids) in the main ingredients via various enzymes and cause further biological and chemical reactions, which can produce and enhance the characteristic tastes and aromas (Park et al., 2010) . Various microorganisms, such as fungi, bacteria, yeast, and lactic acid bacteria, were involved in fermented soybeans products. In particular, Aspergillus oryzae, Bacillus amyloliquefaciens, and Lactobacillus spp. were reported as important starters for soybean fermentation (Kim et al., 2009a; 2009b; Lee et al., 2014; Lee et al., 2017) . However, their combinational effects on the formation of volatile compounds in fermented soybean products have not been clearly determined. Thus, a synergistic combination of lactic acid bacteria with bacteria or fungi was applied to soksungjang in this study.
Soksungjang (also called 'beolmijang') is one of the traditional fermented soybean pastes consumed in Korea. It is very similar to doenjang (the most popular fermented soybean product). However, it has a shorter fermentation period (e.g., 5-6 weeks) than that of doenjang and is made by mixing, soaking, steaming, molding, and fermenting soybeans together with grains (Choi et al., 2011; Park et al., 2017) . In this study, buckwheat was considered as one of grain source due to absence of gluten and various health benefits (Kreft et al., 1999; Park et al., 2000) .
Compositions and contents of volatile compounds in fermented soybean products has steadily studied and, in particular, butanoic acid, 3-methylbutanoic acid, 2-pentylfuran, 2-and 3-methylbutanal, methyl 2-methylbutanoate, 4-methylpentanoate, and some pyrazines were regarded as main volatile compounds having unique flavor characteristics in fermented soybean pastes Yoo et al., 1999) . On the other hand, some volatile compounds, such as 2-and 3-methylbutanal, phenylacetaldehyde, furfural, hexanal, 2,5-dimethyl-4-hydroxy-3-(2H)-furanone, 2,4-decadienal, and phenol compounds, were reported as main volatile compounds in various buckwheat-based products (Starowicz et al., 2018) . However, there is a lack of research on volatile compounds in buckwheat soksungjang (BS). Our previous study profiled and compared the volatile compounds present during fermentation between BS samples manufactured traditionally and commercially (Park et al., 2017) . It was demonstrated that there are differences in the volatile profiles between soksungjang fermented with starters (A. oryzae ? B. amyloliquefaciens, in the commercial method) and without starters (in the traditional method). In particular, the inoculation of starter(s) at the initial stage of fermentation could accelerate the biochemical reactions (especially the more effective breakdown of soybean proteins) and the production of secondary metabolites.
In this study, we focused on the differences and changes in volatile profiles between two different BS samples prepared with L. brevis and A. oryzae or B. amyloliquefaciens during fermentation in order to investigate combinational effects of lactic acid bacteria with bacteria or fungi. Moreover, partial least squares-discriminant analysis (PLS-DA) was applied to elucidate the main contributors to sample discrimination.
Materials and methods

Materials and chemicals
Soybeans (Korean Bactae, Glycine max L.) were obtained from local market. L. brevis JSB22, A. oryzae PS03, and B. amyloliquefaciens were previously isolated from Korean traditional fermented products. The SPME fiber (carboxen/ polydimethylsiloxane fiber, 75 lm) and automatic SPME holder were purchased from Supelco (Bellefonte, PA, USA). Methyl cinnamate, an internal standard, and methanol were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Sample preparation
BS samples was produced using a previously described method (Park et al., 2017) . In brief, steamed soybeans were inoculated by two different starters (L. brevis JSB22 ? A. oryzae PS03, BS-LA or L. brevis JSB22 ? B. amyloliquefaciens RD7-7, BS-LB). Then, they were mixed with buckwheat at 7:3 ratio (w/w) and ripened at 20-25°C for 5 weeks. BS-LA and BS-LB samples were collected after 0, 1, 2, and 5 weeks of fermentation, and their volatiles were analyzed.
Analysis of volatile compounds in BS samples
Volatile compounds in BS samples were extracted by solid phase micro-extraction (SPME) coated with carboxen/ polydimethylsiloxane fiber. Then GC-MS analysis was conducted using a 7890B series gas chromatograph connected to a 5977A mass selective detector (MSD) (Agilent Technologies) equipped with DB-FFAP capillary column (30 m length 9 0.25 mm i.d. 9 0.25 lm film thickness, J&W Scientific, Folsom, CA, USA) and multi-purpose sampler MPS 2 (Gerstel, Mülheim an der Ruhr, Germany). Volatile compounds were identified and quantified according to the method of Park et al. (2017) . The identification was accomplished with comparing of their mass spectral database (NIST 08 and Wiley 9n.1) and retention index (RI). Quantitative data was calculated by comparing their peak areas to that of the internal standard compound.
Statistical analysis
PLS-DA was applied to the raw values (n = 3) of the relative peak areas obtained by GC-MS using SIMCA-P software (version 11.0, Umetrics, Umeå, Sweden). Analysis of variance and the t test were implemented using SPSS statistical package (version 12.0, Chicago, IL, USA). The criterion for significant difference was p \ 0.05.
Results and discussion
Comparison of volatile profiles between BS-LA and BS-LB PLS-DA was applied to investigate the differences and changes in volatile compounds (based on Supplementary Table 1) among BS samples inoculated with different multiple microbial starters during fermentation. PLS-DA is commonly performed to identify the separation between groups of observations and to understand which variables carry the class-separating information (Ledauphin et al., 2010; Zhang et al., 2013) . Figure 1 shows the distribution of all BS samples for the first and second components of the PLS-DA score plot. The values of the model parameters (R 2 Y = 0.98 and Q 2 = 0.91) indicated high degree of explained variance (R 2 Y) and cross-validated predictive capability (Q 2 ). The BS-LA and BS-LB samples during the initial and intermediate stages of fermentation (below 2 weeks) were located on the positive t[1] axis, and those fermented for 5 weeks (later stage of fermentation) were separated on the negative t[2] axis. These observations could be explained by the change in volatile profiles among BS samples inoculated with those starters in the later stage of fermentation (from 2 to 5 weeks) being accelerated relative to those in the initial and middle stage of fermentations (from 0 to 2 weeks).
Changes of volatile profiles in two different BS samples according to fermentation periods
The changes in the volatile profiles of each BS samples according to fermentation periods (0, 1, 2, and 5 weeks) were also observed in the PLS-DA models, respectively ( Fig. 2A, B) . In both score plots, BS samples fermented for below 2 weeks and for 5 weeks could be discriminated by t [1] . Tables 1 and 2 show significant variables contributing to the t[1] dimension (p value [ 0.07) based on a threshold of 0.7 on the validity importance in projection (VIP) test. VIP values from PLS-DA that describes a quantitative estimation of the discriminatory power of each individual feature. It is used to separate samples and identify important individual features that maximize an ability of classification (Cho et al., 2008) . The main variables that contribute to the positive t[1] dimension among BS-LA samples were 2-phenylethanol and 2-ethylhexan-1-ol (Table 1) , whereas, dimethyl carbonate, pentanoic acid, and 2-(2-ethoxyethoxy)ethanol were major compounds related to the positive t[1] dimension among BS-LB samples during fermentation (Table 2 ).
In addition, more variables contributed to the negative t[1] dimension (in the later period of fermentation) in both BS samples, which means that the generation of volatile compounds could enhance and alter the increase in microbial activities during fermentation. The important contributors to the later period of fermentation (5 weeks) in the BS-LA sample were methyl esters of fatty acids (e.g., methyl heptanoate, methyl octanoate, and methyl butanoate), which would be mainly generated via the b-oxidation pathway of fatty acids (Etschmann et al., 2002) . Moreover, esters (e.g., 3-methylbutyl acetate, methyl acetate, hexyl acetate, hexyl acetate, ethyl and methyl 2-phenylacetate), fusel aldehydes, alcohols, and acids (e.g., 3-methylbutanal, benzaldehyde, 2-methylbutanal, and 3-methylbutanoic acid), which were produced via ehrlich pathway (Smit et al., 2009) , were also represented as main volatile compounds at a later part of fermentation.
On the other hand, acetic acid, which are typical compounds via the metabolism of LAB in fermented products (Coulibaly et al., 2017) , were predominantly found in the later period of fermentation in BS-LB. During fermentation, L. brevis, a heterofermentative LAB, can convert lactic acid to acetic acid in order to providing a stable pH in the presence of oxygen (Xu et al., 2017) . It might be explained that the activity of L. brevis was higher when be in BS-LB samples than BS-LA samples. On the other hand, butane-2,3-diol was shown as an important variables at BS-LB samples. B. amyloliquefaciens is regarded as safe and efficient butane-2,3-diol producer as well as L. brevis (Song et al., 2018) .
Differences of volatile compositions between two BS samples
As shown in Fig. 1 , BS samples fermented for 5 weeks were noticeably distinguishable from BS samples fermented for shorter periods (less than 2 weeks). At this work, volatile compositions and contents of two different samples fermented for 5 weeks were compared in order to elucidate the differences between BS-LA and BS-LB samples. Table 3 lists the profiles of the volatile compounds (a total of 83) identified in BS-LA and BS-LB fermented for 5 weeks, their retention index (RI), and relative peak areas on DB-FFAP columns. The volatile Figure 3 shows the quantitative composition of identified volatile compounds in both BS samples according to chemical functional groups. In particular, esters, benzenes, and acids predominated in both BS-LA and BS-LB fermented for 5 weeks: esters [ benzenes [ acids in BS-LA vs acids [ benzenes [ esters in BS-LB. In general, volatile compounds in fermented soybeans can be produced by various complex metabolism processes, such as glycolysis, lipolysis, and pyruvate and proteolytic metabolism processes, with microorganisms being involved as the fermentation process progresses. In particular, mutual exchanges between two or more microbial starters also occur in different ways during the fermentation process, which increases the complexity of generating volatile compounds as secondary metabolites . Table 3 also shows the differences of two BS samples comparing relative contents of volatile compounds in detail.
Numerous studies focused on Bacillus and Aspergillus species as the main microorganisms in fermented soybean products and found volatile organic acids, alcohols, and esters were predominant and their levels varied with the associated microorganisms during fermentation process (Kum et al., 2015; Leejeerajumnean et al., 2001; Seo et al., 2018) . Recently, Seo et al. (2018) reported the differences of volatile profiles between koji fermented by B. amyloliquefaciens and A. oryzae. 2-Methoxyphenol, 2-methylpropanoic acid, 3-methylbutanoic acid, and 4-methylpentanoic acid, exhibiting cheesy and rancid odor notes, were more found in B. koji, in contrast, the contents of some volatiles related to malty odor note (e.g., 2-methylpropanal, 2-methylbutanal, and 3-methylbutanal) were relatively higher in A. koji compared to those of B. koji (Seo et al., 2018) .
In this study, (1) higher levels of acids were found in a BS-LB sample, except 3-methylbutanoic acid having low threshold and cheesy and rancid odor notes . However, the level of 3-methylbutanoic acid has shown a remarkable increase according to fermentation periods in BS-LB compared to in BS-LA (Supplementary Table 1 ). Acetic acid could be generated by catalytic oxidation from aldehydes, which could be produced by the catalytic hydration of acetylene or by the catalytic dehydrogenation of ethanol, and its level was twofold higher in BS-LB than in BS-LA. Heptanoic acid and octanoic acid, which could be produced by lipolysis metabolism, were detected only in BS-LB. (2) Some aldehydes, such as 2-and 3-methylbutanal, showed higher contents in BS-LA compared to BS-LB, corresponding to previous study (Seo et al., 2018) . Furthermore, 6-methylhept-5-en-2-ol and 2-ethylhexan-1-ol were only detected in BS-LB. (3) Benzenes were also predominant volatile compounds in both BS-LA and BS-LB in this study. Most of the benzenes identified usually originate from phenylalanine catabolism, which could vary with the type and level of activity of enzymes. This study found that higher levels of styrene, benzaldehydes, 2-phenyl acetaldehyde, and phenylmethanol (which come from the catabolism of cinnamate) in BS-LB, while the level of 2-phenylethanol was higher in BS-LA (Etschmann et al., 2002 ). It appears that phenylalanine catabolism is relatively accelerated in BS-LB fermentation. (4) Esters reportedly contribute to positive aroma properties (described as fruity or flowery odor notes) of food (Reineccius, 2006) , and they could be formed by the esterification of alcohols with fatty acids (Zhao et al., p Value is the probability that the results from the sample data occurred by chance 2009). Relatively high levels of esters were found in BS-LA in the present study, with the amounts of ethyl esters of fatty acids being higher in BS-LA compared to BS-LB. It is usually more difficult to form ethyl esters than methyl esters due to the different activities of alcohols with catalysts required to produce the alkoxide ion during biological and/or chemical reactions during fermentation (Meher et al., 2006) . Thus, the esterification reactions were probably more active in BS-LA. (5) On the other hand, pyrazines in fermented soybean paste could be generated by the Maillard reaction and the activity of B. species (Lee and Ahn, 2009) , and two pyrazines (2,3,5-trimethyl-and 2,3,5,6-tetramethylpyrazines) were found only in BS-LB in this study. In summary, these observations indicate that the diversity of volatile compounds produced by microbial starters in BS samples can vary with the fermentation period and multiple combinations of microorganisms, which might be due to changes in their own activities or their potential to act enzymatically. This study found that the profiles of volatile compounds in BS samples varied with the fermentation period and the type of microbial starters. In general, volatile compounds in fermented soybeans can be generated by various complex metabolism processes with microorganisms being involved as the fermentation process progresses. In this study, fusel acids and aldehydes, ethyl ester of fatty acids were relatively superior in BS-LA, while, catabolism of cinnamate and pyrazines were highly promoted in BS-LB. This study elucidated the impact of multiple starters, especially lactic acid bacteria and other microorganisms, on the formation of volatile compounds and could provide fundamental information of optimizing fermentation conditions of buckwheat soksungjang.
